Background and Purpose-Occlusive radiation vasculopathy (ORV) predisposes head-and-neck cancer survivors to ischemic strokes. Methods-We analyzed the digital subtraction angiography acquired in 96 patients who had first-ever transient ischemic attack or ischemic strokes attributed to ORV. Another age-matched 115 patients who had no radiotherapy but symptomatic high-grade (>70%) carotid stenoses were enrolled as referent subjects. Digital subtraction angiography was performed within 2 months from stroke onset and delineated carotid and vertebrobasilar circulations from aortic arch up to intracranial branches. Two reviewers blinded to group assignment recorded all vascular lesions, collateral status, and infarct pattern. Results-ORV patients had less atherosclerotic risk factors at presentation. In referent patients, high-grade stenoses were mostly focal at the proximal internal carotid artery. In contrast, high-grade ORV lesions diffusely involved the common carotid artery and internal carotid artery and were more frequently bilateral (54% versus 22%), tandem (23% versus 10%), associated with complete occlusion in one or both carotid arteries (30% versus 9%), vertebral artery (VA) steno-occlusions (28% versus 16%), and external carotid artery stenosis (19% versus 5%) (all P<0.05). With comparable rates of vascular anomaly, ORV patients showed more established collateral circulations through leptomeningeal arteries, anterior communicating artery, posterior communicating artery, suboccipital/costocervical artery, and retrograde flow in ophthalmic artery. In terms of infarct topography, the frequencies of cortical or subcortical watershed infarcts were similar in both groups. 
D
efinitive radiotherapy (RT) is a standard treatment for all subsites of primary head and neck cancers and accounts for a dramatic improvement in the cure rates of patients. 1 However, survivors are susceptible to an increased risk of stroke in the long term attributed to occlusive radiation vasculopathy (ORV). 2 In head-and-neck cancer cohorts, stroke risks in patients exceeded risks in comparable healthy populations by 2 to 9 times. 3, 4 A population-based study of patients aged >65 years revealed an excess risk of cerebrovascular disease after definitive RT of head-and-neck region when compared with patients receiving surgery alone. 5 In the acute phase, ORV is characterized by detachment of endothelium, splitting of basement membranes, and subintimal foam cell formation. Atherosclerotic-like changes of the medial layer and progressive adventitia fibrosis then follow, leading ultimately to steno-occlusion of irradiated arteries years after the initial RT. 6, 7 Yet, the stroke pathophysiology and treatment of ORV remained uncertain.
We previously showed that carotid ORV lesions were typically diffuse with intraplaque hypoechoic foci on ultrasonography. 8 Our group found greater intima-medial thickness 9 and a higher incidence of carotid stenosis in survivors of nasopharyngeal carcinoma that predicted stroke occurrence. 10, 11 By color velocity imaging technique, we correlated ischemic symptoms of ORV patients with a low cerebral blood flow, suggesting that cerebral hypoperfusion could be an important stroke mechanism.
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trunks of carotid and vertebrobasilar arteries. So far, no study has examined the collateral circulation and infarct topography in ORV stroke patients. Understanding the angiographic features, infarct pattern and the resultant alteration in cerebral hemodynamics of ORV may give insight to the stroke mechanism and formulation of rational treatment. We aimed to use digital subtraction angiography to delineate the morphological distinctions and collateral flow patterns of ORV stroke patients.
Methods
Study Design and Participants
The Joint CUHK-NTEC Clinical Research Ethics Committee approved the study and each participant provided an informed consent. From September 2005 to July 2012, we approached consecutive adult patients who presented with first-ever transient ischemic attack or ischemic stroke attributed to ORV. Each ORV patient had definitive RT for a primary head-and-neck cancer before the stroke onset. Stroke neurologists determined the stroke etiology and relevance to ORV by clinical syndrome and concurrent cardiovascular risks. We excluded patients with atrial fibrillation, valvular heart disease, autoimmune vasculitis, Takayasu disease, hereditary thrombophilia, active malignancy, prior angioplasty, or surgery that might have injured craniocervical arteries (eg, radical neck dissection).
In the referent group, we enrolled age-matched patients who had first-ever transient ischemic attack or ischemic strokes associated with spontaneous atheromatous carotid disease, that is, no prior RT but >70% symptomatic carotid stenosis by ultrasonography. To avoid overstating the sequels of RT, we excluded stroke-related small vessel disease.
We recorded the demographics and risk factors (hypertension, smoking, hyperlipidemia, and diabetes mellitus) of all patients. Each patient underwent computed tomography or magnetic resonance imaging at baseline. Digital subtraction angiography was performed within 2 months from the qualifying stroke. We obtained the angiograms by injecting contrast (10 mL of iopamiro 300 diluted in 1:1 with normal saline) at each proximal part of common carotid arteries (CCAs), internal carotid arteries (ICAs), external carotid arteries (ECAs), and subclavian arteries from anteroposterior, lateral, and bilateral oblique views in a biplane, high-resolution angiography system (Philips BV 5000; Philips Medical Systems, Eindhoven, The Netherlands). Carotid and vertebrobasilar circulations were imaged from aortic arch up to distal intracranial branches. Each angiographic run captured a complete series of images from arterial phase to late venous phase for collateral evaluation. Additional views were sought to depict the lesions in profile if necessary.
Evaluation of Infarct Pattern, Vascular Lesions, and Collateral Status
A stroke neurologist and a neuroradiologist blind to group assignment reviewed the computed tomography/magnetic resonance imaging and cerebral angiograms. The infarct topography and the distribution of stenotic, aneurysmal, ulcerative, and dissecting lesions were recorded. In case of disagreements, the opinion of a third neuroradiologist was sought.
Cerebral infarcts were classified as 13 (1) territorial: ≥2 subdivisions of the middle cerebral artery, (2) cortical watershed: cortical border zone between middle cerebral artery and anterior cerebral artery or middle cerebral artery and posterior cerebral artery, (3) other cortical: nonwatershed nonterritorial cortical infarct, (4) deep watershed infarct: rosary-like, confluent, striated, or solitary located in the supraventricular or paraventricular areas (corona radiata or centrum semiovale), excluding immediately subcortical lesions, and (5) other deep: large striatocapsular lesions (>15 mm), single perforator (<15 mm). The purpose of distinguishing territorial infarcts from smaller cortical or subcortical infarcts was to evaluate whether collateralization had any effect on the infarct size or topography.
Stenoses were measured by NASCET criteria.
14 Disease was bilateral if >50% stenoses were found on both sides of the neck. Lesions were tandem if two or more >50% stenoses were revealed on one side. An ulcer was invagination of contrast beyond the vascular lumen. Diffuse lesions were arteriopathy >15 mm in length. Dissection was an intimal flap extending into the vessel lumen.
For assessment of collateralization, we first identified the potential ischemic regions that were distal to high-grade steno-occlusions. In anterior circulation, these regions were anterior cerebral artery and middle cerebral artery territories ipsilateral to a >70% CCA or ICA stenosis. In posterior circulation, these regions were cerebellum and posterior cerebral artery territories distal to an occluded VA (ie, a singular VA) or bilateral VA were stenosed >50%. We evaluated collateral flow both symptomatic and asymptomatic ischemic regions. All possible sources of collaterals to these potentially ischemic regions were then recorded, which included leptomeningeal arteries, anterior communicating arteries, posterior communicating arteries, and anastomotic regions between extracranial arteries and ICA/VA, ie, orbit, cavernous sinus, middle ear, upper cervical area, costocervical regions, and foramen magnum.
We graded the collateral circulation for each potential ischemic region based on the American Society of Interventional and Therapeutic Neuroradiology/Society of Interventional Radiology Collateral Flow Grading System. 15 This angiographic scale assigned patients to grades 0 (no collaterals visible to the ischemic site), 1 (slow collaterals to the periphery of the ischemic site with persistence of some of the defect), 2 (rapid collaterals to the periphery of ischemic site with persistence of some of the defect and to only a portion of the ischemic territory), 3 (collaterals with slow but complete angiographic blood flow of the ischemic bed by the late venous phase), and 4 (complete and rapid collateral blood flow to the vascular bed in the entire ischemic territory by retrograde perfusion). Anatomic variants that might preclude or mimic collateral flow (eg, incompetence of circle of Willis or persistent trigeminal artery) were documented. 16 
Statistical Analysis
Continuous variables were analyzed by independent t test and expressed as mean±interquartile range/SD. Categorical variables were analyzed by χ 2 test. Inter-rater reliability was measured by Kappa and interclass correlation coefficient for categorical and continuous variables.
Results
From September 2005 to July 2012, a total of 139 patients with prior craniocervical RT were admitted for acute ischemic stroke. Excluding 29 patients for stroke recurrence (n=18), atrial fibrillation (n=3), nonORV stroke etiology (n=5), and prior carotid stenting (n=3), 96 out of the remaining 110 patients consented to digital subtraction angiography. They all received definitive RT by hyperfractionation or accelerated fractionation. Mean radiation dose was 54 Gy (range, 50-60 Gy). The primary sites of malignancy were nasopharynx (n=85), larynx (n=7), and tongue (n=4). No patient received adjuvant thoracic RT. The mean interval between RT and stroke was 15.0 years (interquartile range, 9.8 years).
In the same recruitment period, we enrolled 115 agematched patients who had no RT but first-ever ischemic strokes associated with >70% carotid stenosis as referent subjects. The carotid stenosis was presumably due to atheromatous disease. Table 1 summarized the patients' demographics. ORV patients had less cardiovascular risks in terms of hypertension, diabetes mellitus, and hyperlipidemia. Baseline National Institutes of Health Stroke Scales were comparable in both groups.
Inter-rater reliability on lesion identification and collateral grading was moderate to excellent (κ/interclass correlation by guest on November 11, 2017 http://stroke.ahajournals.org/ Downloaded from coefficient=0.4-1). Table 2 shows the lesion distribution. In referent patients, high-grade stenoses (>70%) were mostly focal at proximal ICA (122 of 135; 90.4%). In contrast, highgrade ORV lesions diffusely distributed over CCA (72 of 182; 39.6%) and ICA (66 of 182; 36.3%). ORV stenoses were more frequently bilateral (54% versus 22%), tandem (23% versus 9%), associated with complete occlusion of one or bilateral CCA/ICA (30% versus 9%), VA steno-occlusion (27% versus 14%), and ECA steno-occlusion (19% versus 0.9%) ( Table 3) . ORV patients also had more dissecting and ulcerative lesions (Figure 1) In terms of infarct pattern, ORV patients have less territorial infarcts (4% versus 11%). Yet, we could not find any association between collateralization and infarct size/topography when we compared the collateral pattern in patients with territorial infarcts versus small cortical or subcortical infarcts. The frequencies of cortical or subcortical watershed infarcts were similar in both groups (Table 3) .
The rates of vascular anomaly at the circle of Willis were comparable in both groups (Table 4) . We identified 141 potential ischemic regions in ORV group (anterior circulation=128; posterior circulation=13) and 134 in the referent group (anterior circulation=128; posterior circulation=6). We observed 6 major collateral pathways to these potential ischemic regions (Table 4) ; and among them, ORV patients showed significantly more collateral circulations through (1) anterior communicating artery to contralateral anterior cerebral artery/middle cerebral artery territory, (2) leptomeningeal arteries from posterior cerebral artery to ipsilateral middle cerebral artery territory, (3) posterior communicating artery from ICA to ipsilateral posterior cerebral artery territory, (4) costocervical and suboccipital branches to ipsilateral VA, and (5) ophthalmic artery from ECA to ipsilateral ICA tributaries (Figure 2 ). The majority of collaterals (70%) in ORV patients were grade 2 or above.
Discussion
In this hospital-based case-referent study, we found two major angiographic distinctions between ORV and spontaneous atheromatous carotid disease. First, ORV patients had more tandem, bilateral steno-occlusions involving the CCA and ICA that were associated with VA and ECA stenosis. Second, ORV patients showed significantly more extensive collateral circulation at their first stroke presentation. In terms of infarct topography, ORV patients have less territorial infarcts. However, the frequencies of subcortical or watershed infarcts were similar in both groups.
Definitive RT for carcinomas of pharynx, larynx, and oral cavity typically covered both sides of the neck for probable local regional disease. The spatial distribution of ORV corresponded to the radiation field. Apparently, the differential involvement of carotid versus vertebrobasilar circulation was less obvious than proposed. 17 Instead, steno-occlusion of VA ostium was common. Interestingly, no moyamoya diseaselike vasculopathy 18 was found in arteries adjacent to temporal lobes where radiation-induced necrosis was frequent.
ORV was once coined accelerated atherosclerosis, but we found a lower prevalence of atherosclerotic risks in ORV group. Concordantly, intracranial stenosis, a common manifestation of atherosclerosis in Asians, was also rare in the ORV group. These findings suggest that pathology other than atherosclerosis might prevail; and in fact, some histological features, such as thickening of endothelium, vasa vasorum occlusion, and periadventitial fibrosis, were unique for ORV and absent in atherosclerotic plaque. 2 Involvement of the vasa vasorum may predispose to the diffuse pattern of proximal arterial disease noted in our analyses.
We found more established collaterals in ORV patients; and the majority of these collaterals (70%) were grade 2 or above. Anatomic variants were unlikely to explain the disparity, as the 
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rates of circle of Willis incompetence and persistent trigeminal artery were comparable in both groups. The relative paucity of collaterals in referent patients suggested that some collateral circulations in ORV patients might have developed before stroke and had a protective role in delaying the onset of stroke symptoms. The mature collaterals on the side of asymptomatic ORV stenosis supported this notion. It is plausible that dormant anastomoses assumed a greater hemodynamic role in the early phase of ORV to compensate for a restriction of flow. Despite more robust collateralization, subsequent compromise of these collaterals at a later time point may occur when stenoocclusions have extensively involved the proximal trunks of the CCA and VA. Moreover, tandem stenoses impeded blood flow more than a single stenosis of comparable luminal narrowing. 19 Diffuse patterns of ORV, possibly because of vasa vasorum occlusion, may result in longer stenoses that cause a greater decrement in downstream blood flow. Although collaterals may initially compensate for such hypoperfusion, more advanced or later stages of ORV may lead to stroke owing to collateral decompensation. 20 This hypothesis is consistent with our previous finding that ischemic symptoms of ORV correlated ACA indicates anterior cerebral artery; ACom artery, anterior communicating artery; CCA, common carotid artery; ICA, internal carotid artery; MCA, middle cerebral artery; ORV, occlusive radiation vasculopathy; PCA, posterior cerebral artery; PCom artery, posterior communicating artery; and VA, vertebral artery.
*Diagnosis by absence in angiograms. by guest on November 11, 2017 http://stroke.ahajournals.org/ Downloaded from with a low cerebral blood flow measured by color velocity imaging technique. 11 Interestingly, although ECA stenosis was common, ORV patients frequently derived collateral flow from ECA through ophthalmic artery. This might suggest the potential benefit of ECA angioplasty in patients with total ICA occlusion(s) or retinal ischemic symptoms. However, such a procedure may pose a risk of embolization to the eye if the flow in ophthalmic artery is retrograde.
In terms of infarct pattern, ORV patients have less territorial infarcts compared with referent patients (P=0.034). However, in further analysis among ORV patients, we could not find any association between collateralization and infarct size, possibly related to a small number of patients with territorial infarcts (n=5). The comparable frequencies of cortical or subcortical watershed infarcts in both groups reinforced the view that infarctions at borderzone might not pinpoint a specific etiology and could result from hemodynamic, embolic, or other stroke mechanisms. 21, 22 Indeed, identification of stroke pathophysiology based on topography of vascular territory lesions alone could be difficult when individual arterial territories could not be recognized in vivo. 23 The relatively favorable prognosis in head-and-neck cancer makes late complications of RT an important concern in regions where these tumors are endemic. 24 However, no study so far has described the collateral or infarct pattern of ORV. Current major stroke guidelines offer no recommendation on strokes attributed to ORV. 25, 26 It is controversial if treatment of ORV should follow other stroke subtypes. One concern, for instance, is precipitation of ischemic symptoms on blood pressure lowering in patients with marginal cerebral perfusion. In fact, if ORV is primarily not an atherosclerotic disorder, risk factor modification and control would unlikely halt progression. Alternatively, strategies that can augment collateral perfusion or improve steno-occlusions may play a role in preventing ORV strokes.
Our study had a few limitations. First, although ORV patients had less cardiovascular risks, atherosclerosis might still confound the arteriopathy. Second, the relatively homogeneous cancer types and mode of RT may limit the interpretation of our study because portal field and radiation dose may differ in treatment of other head-and-neck cancers. Third, referent patients were physically fit for intervention because digital subtraction angiography was regarded as a preoperative evaluation. The exclusion of unfit patients, though was ethically sound, might generate a selection bias. Finally, a longitudinal study is needed to delineate progression of ORV and clarify whether patients devoid of functional collateral channels may develop stroke earlier.
Conclusions
ORV patients had more steno-occlusions over carotid and vertebral arteries amid mature collateral circulation at initial stroke presentation. Decompensation of collateral flows may precipitate stroke in ORV. 
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